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An Angled End Tap for Fiber 
Optic Communications Systems 
by 
Charles D. Sallada 
ABSTRACT 
A new type of optical coupler called an angled end tap has been designed 
for use in fiber optic communications systems. An optical tap is a device that 
allows the light propagating in an optical fiber to be sampled. The sampled 
portion of the optical signal, called the coupled output, can be used as a 
monitor or feedback control signal.  Tap action is achieved by creating a beam 
splitter in the optical path. The beam splitter is made by cutting the optical 
fiber at an appropriate angle and creating an air gap in the fiber path. 
A ray optics analysis of the tap has been made by the author. The analysis 
determines the tap performance as a function of the tap angle, the fiber 
spacing, and the fiber index profile. The analysis predicts that tap action occurs 
when the tap angle is between 34' and 71*, and that the tap outputs are nearly 
independent of light power distribution when the tap angle is about 63" (for a 
tap made with a typical graded index fiber). The analysis also shows that the 
coupled output of the tap is nearly constant for fiber spacings less than 15/im. 
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At a tap angle of 63" and 15Mm fiber spacing, the analysis predicts 86% 
transmission and 6.7% coupled output. 
Seventeen experimental 63* graded index angled end optical taps have been 
constructed and characterized by the author. The fiber spacing on the 
experimental taps ranged from lOjim to 30/tm.  The measured transmission 
and coupling on these taps is in close agreement with theoretical results. 
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An Angled End Tap for Fiber 
Optic Communications Systems 
Section 1 - INTRODUCTION 
Section 1.1 - Optical Couplers and Taps 
The advent of low loss fibers and suitable optical sources have made optical 
communications systems a reality in recent years.   Today's optical systems 
incorporate a laser or light emitting diode (LED) source. The output of the 
laser or LED is transmitted via an optical cable to a detector.  Typical 
transmission distances are 5 to 10 km. To extend the capacity of future 
optical systems, techniques such as wavelength multiplexing and bidirectional 
transmission will be required. These more advanced techniques will require 
additional optical components. Many of these fall into the general classification 
of branching networks called optical couplers.  Couplers provide the functions 
in optical systems which divide or combine optical transmission paths. 
There are three general types of optical couplers. The first is called a tap. 
A tap is a three port device that splits the transmitted signal into two channels, 
usually for monitoring purposes. The tapped portion of the signal is normally 
only a small percentage of the transmitted portion. The second type of coupler 
is called a splitter which is a special case of a tap where equal amplitudes are 
obtained at both outputs. The final type of coupler is called a combiner and is 
•3- 
used to merge two or more signals onto a single fiber. 
Several techniques have been used to make optical couplers or branching 
2 3 
networks. '   Couplers using integrated optics are not presently practical due to 
their high insertion loss and interface complexities with optical fibers. Several 
forms of fiber couplers have been constructed by changing the guidance 
properties of the fiber.   These couplers generally have the disadvantage of 
being difficult to reproduce. 
This thesis discusses the analysis of a new type of optical coupler, called an 
angled end fiber tap. This tap design avoids many of the problems associated 
with the integrated optics and guidance type designs. This is primarily due to 
the fact that the tap is created by a simple beam splitter in the fiber path and 
does not involve any complex structures. This is the first time that the beam 
splitter concept has been applied to an optical fiber tap. The angled end optical 
tap has two main advantages.  First, it can be reproduced with good uniformity, 
and second, it can be easily integrated in the fiber path. 
Section 1.2 - Project Goals 
The angled end tap project has two main objectives.  First, to develop 
relationships which will aid in determining the optimum tap design for various 
applications and fiber parameters. To accomplish this, we will develop a 
physical model of the tap.  From this model we will derive equations which will 
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allow us to determine the optimum tap design for particular applications. 
The second goal of the project is to develop experimental models of the tap 
which can be used in a feedback control loop of the laser transmitter. We will 
also compare the measured results of these taps to the theoretical results. 
Section 1.3 - Technical Contributions 
Contributions of many individuals were required to develop the tap. The 
tap was conceived by Dr. M. DiDomenico, Jr., M. A. Karr, and T. C. Rich of 
Bell Telephone Laboratories in 1976. These three individuals along with Dr. H. 
P. Hsu derived the basic equations used to determine the transmission and 
coupling for a step index fiber tap discussed in Section 3.1 and 3.2. The author 
has extended the basic analysis to include the effects of fiber spacing and light 
distribution on the tap performance discussed in Section 3.3 and 3.4. The 
analysis of the graded index fiber tap (Section 4) was done by the author with 
guidance from Dr. Hsu. The design of the experimental taps was primarily 
done by the author. 
Section 1.4 - Physical Description of the Angled End Optical Tap 
The basic idea of the angled end tap is to form a beam splitter in the fiber 
path. This is done by cutting the fiber at angle with respect to the direction of 
propagation and creating an air gap in the optical path. The tap output is 
realized by monitoring the reflections from the two faces of the angular cut 
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fibers as shown in Figure 1. The figure shows a two dimensional model of the 
tap in longitudinal cross-section. 
Section 2 - TECHNICAL BACKGROUND 
Section 2.1 - Tap Transmission and Coupling Coefficients 
The tap is characterized by two quantities. The first is called the tap 
transmission coefficient and defines how much of the input optical power is 
transmitted to the output fiber. The second quantity is called the tap coupling 
coefficient and defines what portion of the input signal is available at the 
coupled output, i.e., 
Transmission Coefficient =   p).{ (2.1-1) 
Coupling Coefficient =       ~)~[ (2.1-2) P(A) 
where: P(A) is the light power in the input fiber 
P(T) is the light power in the output fiber 
P(C) is the light power at the coupled output 
The transmission (coefficient) and coupling (coefficient) of the tap are 
dependent on the fiber index profile, the tap angle 0, and the fiber spacing 
which are also shown in Figure 1.  For example, we will find that the amount 
of light reflected out the side of the fiber is dependent on the tap angle. 
Consequently, the coupled output of the tap will vary as 0 is changed. In this 
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report we will find the tap transmission and coupling as a function of 0, d, and 
the fiber index profile. The information we obtain from this analysis will be 
helpful in determining the best angle and fiber spacing for various tap 
applications. 
Section 2.2 - Step Versus Graded Index Profiles 
We will use a ray optics approach to analyze the tap. Consider first a fiber 
with the step index profile shown in Figure 2A where N0 is the core index of 
refraction. The cladding index'is N0 (1-A), where A determines the index 
difference between the core and cladding and is usually a few parts per 100. 
Within the core, the light rays propagate in straight lines. If the angle of 
propagation of the ray, a (ray angle), is sufficiently small, the ray will 
experience total internal reflection at the side boundaries, and the ray moves 
through the fiber in a zigzag fashion. The ray propagates without attenuation 
provided the ray angle a is less than a critical angle am„. Rays propagating at a 
> «,,„, will experience partial refraction into the cladding. The portion of the 
ray that is refracted into the cladding is lost. This process continues as the ray 
moves along the fiber until the entire ray is eventually dissipated in the 
cladding. 
In multimode fibers there exist an angular spread in the light propagating in 
the fiber between ± a,,,,,. Rays with a near zero will propagate through a 
length of fiber faster than rays with a near ama* because each ray must travel a 
different path length. This effect results in pulse dispersion in multimode fiber 
systems.  To minimize the dispersion in long distance optical systems, a 
multimode fiber whose index profile is shown in Figure 2B is used. This fiber 
has a graded index profile   described by: 
N(r) = N0 [1-A (r/a)*] ' (2.2-1) 
where:   N(r) = refractive index along the fiber radius 
N0 = refractive index at the center 
of the fiber 
r = radial position on the fiber 
a = fiber core diameter 
g = profile parameter 
A = index difference parameter 
In graded index fibers the rays move in sinusoidal paths (rather than 
straight lines) because of the continuously changing index medium in which 
the rays propagate. The profile parameter g can be chosen such that the total 
transit time for all rays is about the same regardless of path length. This 
results in a fiber that is nearly dispersion free. This condition is possible since 
rays propagating near the center of the fiber travel largely in a denser medium 
and move at slower velocities than rays propagating near the cladding interface. 
An analysis   by D. Gloge of Bell Telephone Laboratories shows that g«2 
produces minimum dispersion. Consequently, fibers used in medium to long 
distance transmission systems have an approximate quadradic profile. 
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Section 2.3 - Analysis Approach 
The final objective of the analysis is to determine the transmission and 
coupling for an angle end optical tap made with a typical graded index fiber. To 
accomplish this, we will divide the analysis into two sections.  The first section 
describes the basic tap operation.  For this part of the analysis we will 
approximate the actual fiber index profile with a step index profile. This 
approximation will allow us to analyze the tap operation without the use of the 
complex equations related to ray propagation in graded index fibers.  In the 
second part of the analysis we will determine the transmission and coupling 
characteristics for a tap made with a typical graded index fiber. 
The text of this paper includes a discussion of the important concepts and 
an explanation of the governing equations.  Definitions of the symbols are 
listed with each equation. A complete list of the symbols used in this report is 
given at the beginning of the text.  Also, many of the mathematical details 
which are not necessary to understanding the tap operation have been omitted. 
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Section 2.4 - Fiber Characteristics 
One goal of this project is to develop a tap which can be used with an 
optical transmitter designed by Bell Telephone Laboratories. The system uses a 
graded index fiber which is similar to commercially available   fibers. So that 
quantitative results can be obtained, the analysis is directed toward this graded 
index fiber which has the following characteristics. 
Fiber Diameter = 110/tm 
Core Radius = a = 27.5/im 
Numerical Aperture = .23 
Quadradic Index Profile N(r) = N0 1-A 
Index Difference, A = .01225 
N0 = refractive index at center of fiber = 1.475 
Nc = refractive index of cladding = 1.457 
Section 3 - ANGLED END TAP ANALYSIS WITH STEP INDEX 
APPROXIMATION 
Section 3.1 - Limits on Tap Angle 0 
For the tap to be useful, most of the optical power in the input fiber must 
be transmitted into the output fiber and some optical power must be coupled 
out the side of the fiber. Consider a paraxial, meridinal ray impinging upon the 
fiber end as shown in Figure 3. For propagating rays to leave the input fiber, 
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the angle of incidence at the angled end (/3).must be less than the critical angle 
of total internal reflection (/3Crit)-  If P IS less tnan tne critical angle some of the 
light will be refracted into the output fiber and the rest reflected toward the 
side boundary. The reflected light will exit the fiber providing it impinges on 
the side of the fiber at an angle (\p) less than the critical angle at that interface 
(^crit)- These two critical angles /3crit and ^crit place upper and lower bounds on 
the tap angle 0. 
The two critical angles can be determined by using Snell's Law   of 
refraction across a dielectric boundary, i.e., 
N| sin(I) = Nr sin(R) (3.1-1) 
where:   I and R are the incident ray angle and angle 
of the refracted ray respectively, 
and        N- and N  are the refractive indices 
on the respective sides of the dielectric 
boundary. 
For these calculations, the core index is assumed constant and equal to the 
cladding index of 1.457. We will also assume the fibers are in an air ambient 
with an index of refraction assumed to be equal to the free space index of 1. 
Using 3.1-1 we find that: 
*«it = /Sent = sin"1 -^- = 43.3- (3.1-2) 
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where: 0,^, = critical angle at the angled surface 
\[/ctil = critical angle at the side boundary 
Nc    = core index of refraction = 1.457 
According to equation 3.1-2, two conditions must be filled for tap operation. 
First, 0 must be less than 43.3" to guarantee transmission into the output fiber. 
Second, \p must be less than 43.3* to guarantee a coupled output.  We can 
express equations 3.1-2 in terms of a and 0 by using the trigonometric 
relationships derived in Appendix A, i.e., 
|8--f--a-e C3-1-3) 
+ = 2Q + a~Y (3.1-4) 
Combining 3.1-2 with 3.1-3 and 3.1-4, we find that tap operation is guaranteed 
if: 
0>46.7-« (3.1-5) 
and 6<66.6--2- (3.1-6) 
where:   0 = tap angle 
a = ray angle 
The maximum variation in ray angle within the fiber must be known to 
determine the limits on the tap angle 0. The maximum possible ray angle in 
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the fiber can be calculated from the numerical aperture of the fiber. The 
numerical aperture of the fiber, by definition, is equal to the sine of the 
maximum ray angle (in air) that can be guided by the fiber, i.e. 
sin ofma, (air) = Numerical Aperature = .23 (3.1-7) 
«ma*(air) = 13.3' 
By using Snell's Law, we can then determine the maximum ray angle in the 
fiber i.e., 
sin amiX (fiber) i 
sin am„(air) 1.457 
am„(fiber) « ±9' 
If we consider all possible rays whose angles (or modes) are between ± 9', 
Equations 3.1-5 and 3.1-6 define five regions of tap operation.  Figure 4 is a 
graphical representation of tap operation over these five operating regions. 
According to Equations 3.1-5 and 3.1-6, we find that for 0<33.7' (Region 
1) none of the rays propagating in the input fiber have a transmitted 
component because of total reflection at the angle boundary. We also see that 
for 9>71.1 (Region 5), none of the permitted input rays have a coupled 
output because of total internal reflection at the side boundary.  Additional 
analysis of Equations 3.1-5 and 3.1-6 shows that when 9 is between 55.7 and 
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62.1 (Region 3), all guided rays in the fiber will have both a transmitted and 
coupled component.  When 0 is between 33.7 and 55.7 or between 62.1 and 
71.1 (Region 2 and 4 respectively), some rays have a transmitted component, 
and some rays have a coupled output. The tap operation as a function of 0 is 
summarized in the following table. 
Region 1    0<33. No transmission 
All rays have coupled output 
Region 2   33.7<0<55.7   Some rays have transmission, 
All rays have coupled output 
Region 3    55.7<0<62.1    All rays have transmission 
All rays have coupled output 
Region 4   62.1<0<71.1    All rays have transmission 
Some rays have coupled output 
Region 5    0>71.1 All rays have transmission 
No coupled output 
Clearly regions 1 and 5 are of no interest. Intuitively we might expect that the 
best tap performance is in region 3, but tap operation is still possible in regions 
2 and 4. 
Section 3.2 - Tap Transmission and Coupling Versus Ray Angle 
To determine the tap transmission and coupling, we will first consider a 
single ray (A) with light power P(A) approaching the tap interface at angle a as 
shown in Figure 5.  If the angle of incidence at the angled surface is less than 
the critical angle, part of the light will be refracted and part reflected. That 
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portion of the ray which is refracted will then move across the air gap, strike 
the second fiber interface, and correspondingly be reflected and refracted. The 
portion of the ray remaining in the air gap will continue to be reflected and 
refracted until all power is transmitted into the two fibers. If the two fibers 
have the same tap angle all of the transmitted rays A'\A"\A'"',... will have the 
same angle of incidence at the fiber ends. This means that the transmission 
and reflection coefficients, at both interfaces for each generated ray (A',A",A'"( 
...), are the same. Thus, the total power transmitted into the second fiber P(T) 
from ray A is: 
P(T) = (T2+T2R2+T2R4+T2R6+ ...)P(A) (3.2-1) 
where:   P(A) = power in ray A 
P(T)   = total power transmitted 
T        = transmission coefficient at the 
angle boundary 
R       = reflection coefficient at the 
angle boundary. 
We can simplify Equation 3.2-1 by noting that the right hand side of the 
equation contains a geometric series in R2. With some manipulation, we find 
that the tap transmission coefficient, P(T)/PA, is determined by the 
transmission and reflection coefficients at the angle boundary, i.e., 
-^l = _Ti_ (32.2) 
P(A)        l-R2 {*U l) 
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A similar analysis can be used on the portion of the ray that is available for 
the tap output. In this case the total reflected power P(c) from ray A is: 
P(c) = (R+T2R3+T2R5 ...)P(A) 
The total power coupled out the side of the fiber, P(C) is the reflected power 
P(c) times the transmission coefficient at the side boundary TB. Therefore: 
P(C) = (RTB+T2TBR+T2TBR3+TBT2R5 ...)P(A) (3.2-3) 
where:   P(A) = power in ray A 
P(C) = total coupled output 
TB      = transmission coefficient at the 
angle boundary 
T       = transmission coefficient at the 
angle boundary 
R       = reflection coefficient at the 
angle boundary 
Equation 3.2-3 can also be expressed in closed form.  With some manipulation, 
we find that the tap coupling coefficient, P(C)/P(A) is expressed in terms of 
the transmission and reflection coefficients at both fiber boundaries, i.e., 
P(C) _nT , 
P(A)      RTB+ 
T2TBR 
1-R2 
(3.2-4) 
We can find the transmission and reflection coefficients (T, R, TB) by using 
Fresnel's laws of reflection, i.e. 
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sin2p*sin2p" 
sinz(/3+(3')cos2(/S-/S') 
— z si z ,- 0 <... 
jan^l (32.6) 
T    _ sin2^sin2yf'/ ,. .-, 
B
"      sin2(iH^0cos2(^-^) \ - m » 
sin2p-sin2p' ( } 
1
      sin2(/3+/3') v        ' 
Sin2(p-?') (3.2-9) 1
     sin2(/H-p-') 
sin2^sin2f (3 2_1Q) 
1
      sin2(^+f) v ' 
The subscripts 11 and 1 refer to the parallel and perpendicular polarization 
components of the optical field in the plane defined by the ray propagation and 
dielectric surface normal vectors. The angles /3, p", \p, and \p' are the angles of 
the reflected and refracted rays with respect to the surface normal vector. 
According to Equations 3.2-5 thru 3.2-10, we see that the resulting 
transmission at a dielectric boundary is dependent on the amount of power in 
each polarization.  For our calculations, we will assume that 1/2 the total power 
is in each polarization. 
By employing equations 3.1-3 and 3.1-4 and Snell's Law, we can find p", p", 
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\(/, and \p' and hence the transmission and reflection coefficients, as a function 
of the ray angle a and the tap angle 0. Where: 
P=^- + a-Q (3.1-3) 
2 
^ = 20-a-y (3.1-4) 
/3' = sin_1[Nocos(a+0)] (3.2-11) 
^' = -sin_1[Nocos(20+a)] (3.2-12) 
Derivations of Equations 3.1-3, 3.1-4, 3.2-11 and 3.2-12 are given in Appendix 
A. 
A computer program was written by the author to calculate the transmitted 
and coupled outputs of the tap as a function of 0 for all possible rays between 
± 9".  Figure 6 shows plots of the transmitted and coupled outputs of the tap 
as a function of ray angle for several values of 0.  For 0 = 55' (Figure 6A), the 
transmission drops drastically with decreasing tap angles while the coupled 
power correspondingly increases.  For 0=65" (Figure 6B), the transmission is 
relatively constant, but the coupled power approaches zero for large positive ray 
angles.  Figure 6C shows the tap performance at 0=62".  At this point the 
transmission is nearly constant while still maintaining a coupled output over all 
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possible ray angles. 
Section 3.3 - Tap Transmission and Coupling for Gaussian and Uniform 
Light Distributions 
From Figure 6, it is apparent that the total transmitted and coupled output 
of the tap is dependent on the angular (modal) distribution of power in the 
input fiber light rays. This distribution can vary greatly depending on the tap 
application.  If the tap is used at the end of a long'fiber, the power distribution 
with ray angle is approximately Gaussian and very stable.  For the feedback 
control application, the tap is to be located near a laser source so that the laser 
output can be precisely controlled.  The power distribution in the fiber at this 
position is not Gaussian and can change with laser age and temperature. 
To determine the effect of changes of the light power distribution on the 
tap performance, the author has expanded basic computer program to allow 
weighting of the various input rays.   Figure 7 is a plot of the transmitted and 
coupled outputs of the tap as a function of tap angle 0, assuming a uniform 
distribution (solid and dashed curves) and a Gaussian distribution (points) of 
power in the input light rays.  Although these distributions represent only two 
power distributions, they are sufficient to show qualitatively how the tap 
outputs vary with light distribution.  We can use these results to determine the 
proper tap angle for various tap applications. Also, we can summarize many of 
the tap characteristics with the use of this graph. 
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1. As 0 gets increasingly large, the tap transmission increases and the 
coupled output decreases. This behavior is expected since the rays are 
striking the angled surface at angles approaching normal incidence where 
the transmission is a maximum. This results in increasing amounts of 
transmitted power and less power for the coupled output. 
2. As 0 decreases the transmission goes to zero. This also is expected since 
at some angle all rays are totally reflected at the angle boundary. 
3. At a tap angles greater than 62", the transmission and coupling become 
nearly independent of mode distribution. With 0 equal to 62*, the 
transmission is about 90% and the coupling is about 8%. Considering the 
magnitudes of transmission and coupling and the modal stability, tap 
angles near 62" should produce good tap performance. 
4. Larger coupled outputs can be achieved by selecting a tap angle below 
62". This may be desirable, but increased modal sensitivity results.  Tap 
angles below 62" should only be used when the modal pattern is nearly 
constant. 
5. A tap angle selection above 62" produces taps with increasing immunity to 
modal variations. This is desirable when the tap is used in an application 
such as laser feedback control where the modal pattern may vary. The 
penalty incurred with increasing the tap angle is less coupled output from 
the tap. The level of the coupled output must be taken into account 
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when selecting the tap angle. 
6.   A 50% beam splitter can be made with a tap angle of about 48', but the 
split ratio will be very dependent on the tap angle. 
Section 3.4 - Tap Transmission and Coupling versus Fiber Spacing 
So far in this analysis we have assumed that all rays associated with the tap 
undergo multiple reflections until all power is either transmitted into the output 
fiber or reflected into the input fiber. This assumption requires the fiber 
spacing to be infinitely small.  In reality the fiber spacing must be finite and 
some rays are lost.  Figure 8 shows that as a ray moves across the air gap a 
vertical displacement occurs with each reflection. At some point the ray misses 
the output fiber and is lost.  As the fiber spacing is increased the ray 
displacement per reflection increases which results in increasing amounts of lost 
power. In order to characterize these effects, we will expand the tap analysis to 
account for variations with fiber spacing. 
We have assumed in our earlier analysis that the total light power in the 
input fiber is represented by a single set of rays between ± 9" and that they hit 
the angle end near the center of the fiber. In reality it is possible for the input 
fiber rays to exit the fiber at any position along the fiber cross section. We will 
discover that the position of the input ray is important in determining the 
amount of transmitted and coupled power derived from the ray. 
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Figure 9 shows the transmitted and reflected components for rays at several 
positions along the fiber cross section.  For rays striking the angled end, in the 
region Dl+ to D2, shown in Figure 9A, we see that only two of the secondary 
rays are transmitted into the output fiber.  We also see that only three 
secondary rays are coupled out the side of the fiber. The transmitted and 
coupled outputs from an input ray in the region Dl+ to D2 are: 
J!gl- = T2(1+R2) (3.4-1) 
■|£^- = RTB+RT2TB+R3T2TB (3.4-2) 
Correspondingly the transmission and coupling for rays between D2+ and D3 
shown in Figure 9B are: 
ISH2 (3>4-3) 
|ig- = = RTB(l+T2) (3.4-4) 
and between D3+ and D4 shown in Figure 9C are: 
-£01 = 0 (3.4-5) P(A) v        ' 
^g-". (3.4-6) 
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A computer program- was written by the author to calculate the transmission 
and coupling outputs of the tap taking into account the changes in the 
transmitted and coupled outputs defined by Equations 3.4-1 to 3.4-6.  In this 
program, a position is selected along the fiber cross section. At this position, 
the transmission is calculated for rays with ray angles of-9, -8, -7 .... + 8, +9 
degrees.  An effective transmission coefficient is then obtained by averaging the 
transmission components of all the rays. After these calculations, a new 
position is selected and a new effective transmission coefficient is calculated at 
the new position. This process is repeated until effective transmission values 
have been calculated over the entire cross section. The positions selected in 
the program were taken at 1 micron increments over the entire fiber cross 
section.  Finally, the total tap transmission is found by averaging all the 
effective transmission values.  A similar procedure is used to determine the 
total tap coupling. 
Figure 10 is a plot of the tap transmitted and coupled outputs as a function 
of fiber spacing for various tap angles. As the fiber spacing d approaches zero 
and 9 moves toward 90", the transmission is limited to about 92%.  Also, as 
the tap angle approaches 90', the transmission becomes less dependent on fiber 
spacing. This is to be expected since the transmitted rays move across the gap 
with less displacement. 
The coupled output is relatively independent of gap spacing. This is due to 
the fact that the major part of the coupled output is derived from the first 
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reflection at the angle boundary. Subsequent reflections are small and as a 
result the gap spacing does not have a major effect on the coupled output. 
Section 4 - ANALYSIS OF THE GRADED INDEX FIBER TAP 
Section 4.1 - Ray Propagation in Graded Index Fibers 
A. Yariv has derived equations which define the ray propagation in graded 
index profiles of the form: 
N(r) - N0 
8 
-£' (4.1-1) 
Following Mr. Yariv's solutions,   we find that the quadradic index profile 
causes the rays to move in sinosidial like paths, as shown in Figure 11. 
Equations 4.1-2 and 4.1-3 describe the ray motion along the fiber axis (z) in 
terms of the initial ray position r0 and direction r'ot i.e., 
r(z) = [cosy^zj r0 + ^ [siny5£., 
F
'
(Z)
 
=
 " Vk Sin | Vk Z Jr°+ C°S K/k 
(4.1-2) 
(4.1-3) 
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where:   r(z)       = the radial position of the ray along z 
r'(z)       =    v|Z|> , the propagation 
direction (or slope) of a ray along z 
k & k2   = propagation constants 
related to the fiber 
r0 & T'0   = the initial position and direction 
of the ray respectively. 
Comparing Equation 2.2-1 with Equation 4.1-1, we find that 
v£- yJlK = C (4.1-4) 
where: C = 5.69xl03/tm~I for fiber described in Section 3.1. 
The propagation equations can then be reduced to: 
r(z) = cos(cz) r0 + -sin(cz) (4.1-5) 
r'(z) = —c sin(cz) r0 + cos(cz) r^ (4.1-6) 
Section 4.2 - Maximum Guided Ray Angle Over the Fiber Core 
In the case of a step index profile, the maximum ray angle of the guided 
rays is independent of the radial position, r.  This is not true in the graded 
index case. We can show this by analyzing Equation 4.1-5.  For rays to be 
guided, r(z) must always be less than the fiber core radius.  From Equation 
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4.1-5, it is apparent that the maximum ray angle in the fiber occurs at r=o.  As 
the initial position of the ray moves away from r=o the maximum slope for 
guided rays must decrease to maintain r(z) less than the fiber core radius. 
Figure 12 is a plot of maximum guided ray angle versus initial ray position. 
The maximum guided ray angle is defined as the maximum angle of a ray, 
which can be guided in the fiber at a given radial position on the fiber. Since 
the maximum angle for guided rays is related to the numerical aperture, the 
fiber can be viewed as having a varying numerical aperture with radius.  At the 
center (r=o) the numerical aperture is defined by 3.1-7. Near the cladding 
interface the numerical aperture approaches zero, i.e., only the rays with 
r'(z) = o will be guided. 
Section 4.3 - Analytical Differences 
The total tap transmission and coupling in the graded index case are found 
by the averaging techniques used in the step index solution. Three major 
changes are required in the step index analysis to obtain numerical solutions 
for the graded index case.  First, the ray propagation in the fibers follows 
Equations 4.1-5 and 4.1-6 rather than straight lines. The solution of these 
equations at various positions along the fiber are required to find /S and \p at the 
angled end and side boundaries, respectively. Since these equations are 
transendental, the solutions are obtained by numerical techniques. 
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The second difference in the analysis involves the secondary rays generated 
by reflections in the air gap.  In the step index case all secondary rays are 
parallel, thus the total transmission and coupling are defined by 3.2-2 and 3.2-4. 
In the graded index case, the index profile causes the secondary transmitted 
and coupled rays to propagate at different angles. Thus, the transmission and 
reflection coefficients are different for each generated ray, and Equations 3.2-2 
and 3.2-4 are not valid in the graded index case.  As a result of this, the tap 
transmission and coupling are calculated by summing the transmission and 
coupling components respectively.  In these calculations, it is assumed that the 
majority of the power was transmitted into the fibers within the first four gap 
reflections and as a result all subsequent rays are neglected. Also note that the 
condition for transmission into either fiber is not only that the ray must hit the 
fiber core (as in the step index case) but it must also hit at an angle less than 
the critical angle of total reflection at that point on the fiber. 
The final difference in the analysis relates to the aperturing effects of rays 
near the cladding interface as discussed in Section 4.2. The local numerical 
aperture requires that guided rays propagating near the cladding travel at ray 
angles near 0'. This means that the assumption of uniform ray angle 
distribution over the fiber cross section (used in calculating the effects of fiber 
spacing on tap performance in the step index case) is not valid in the graded 
index case. In the graded index case, the computer program is designed to 
include only guided rays at a given position in the fiber. 
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Section 4.4 - Calculated Transmission and Coupling 
Figure 13 shows the calculated transmission and coupling vs. fiber spacing 
(with tap angle 0 as a parameter) for a tap made from the graded index fiber 
whose index profile is defined in Section 3.1. We see from the plot that the tap 
transmission is 90% and the tap coupling is about 9% with a tap angle of 60*. It 
is important to note that the transmission decreases with increasing fiber 
spacing indicating that the fibers should be positioned as close as possible to 
maintain maximum transmission. The coupling below 15/tm, however, is 
nearly independent of the fiber spacing. 
A comparison of the calculated results obtained for a 62' graded index tap 
with the tap results using the step index approximation are shown in Figure 14. 
The results are very similar which indicates the conclusions drawn in Section 
3.3 are valid in this case. At large fiber spacings, the graded index solution 
indicates less transmitted and coupled output. This is to be expected since 
some of the rays generated in the gap will not be coupled into the fibers 
because of the aperturing in the graded index case. We should note that at 
other tap angles, where the transmission and coupling are more dependent on 
the ray angle, the step index approximation may produce larger errors. 
Section 4.5 - Determination of Minimum Collection Width 
The width of the light exiting the coupled output of the tap ultimately 
determines the minimum size collector that can be used effectively with the 
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tap. The author has extended the tap analysis to find the amount of the 
coupled output power which can be collected within a given detection width. A 
plot of the detected power as a function of the detector width is shown in 
Figure 15. The plot indicates that virtually all of the coupled output is collected 
for detection widths >80/im. This result suggests that a fiber similar to the tap 
fibers cannot be used effectively to collect the coupled output since the core 
radius is less than the necessary 80/im. 
Section 5 - EXPERIMENTAL RESULTS AND CONCLUSIONS 
Section 5.1 - Description of the Experimental Tap 
Several experimental models of the tap were designed and constructed by 
the author at Bell Telephone Laboratories, Allentown, PA. The taps were 
made from fibers whose profile is given in Section 3.1. The tap models were to 
be used in a feedback control loop of a laser transmitter. 
Transmitter design personnel were contacted by the author to determine 
appropriate design objectives for the experimental taps. Two major objectives 
were determined from these discussions.  First, the transmitter design requires 
that the tap transmission and coupling be greater than 75% and 5% respectively. 
Second, the tap outputs should be nearly independent of the modal distribution 
of the light propagating in the tap fibers. Taps with this characteristic will 
produce the most accurate control of the laser source. 
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The analysis presented in this paper was used by the author to select a tap 
angle of 63 degrees.  At this tap angle the theoretical results indicate that the 
tap performance is nearly independent of the modal distribution, and the tap 
transmission and coupling are greater than required. Fiber spacings were 
chosen between 10 and 30jtm. This was done to determine the minimum 
practical fiber spacing consistent with a large transmission coefficient. 
The discussions with the transmitter designers also lead to the selection of a 
large area photodetector to collect the coupled output of the tap. The active 
area of the photodetector is 500 microns. The results of Section 4.6 indicate 
that this detector will collect all of the light available at the coupled output of 
the tap. 
Suitable angled end fibers were produced by using grinding and polishing 
techniques developed by Dr. Hsu. Assembly fixturing and techniques were 
developed by the author. Briefly speaking, the tap assembly involved first 
aligning the fibers in either a glass capillary tube or a silicon "V" grooved 
substrate. The detector is then positioned at the point of maximum coupled 
output and bonded in place with lens cement. Finally, the entire device is 
potted in epoxy. 
Section 5.2 - Comparison of Experimental and Theoretical Results 
Figure 16 shows a comparison of the results obtained from 17, 63" 
experimental taps with the theoretical data. The calculated transmission and 
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coupled outputs are shown by the solid lines.  The measured data are shown by 
the asterisks. The measured transmission is typically within 4% of the 
theoretical values.  A few of the experimental taps have transmission 
coefficients which were somewhat lower.  This was found to be related to poor 
alignment of the tap fibers when silicon V-groved substrates were used. Three 
taps with \0fim fiber spacing had transmission coefficients greater than 
theoretical. Studies on these taps revealed that the fiber angles are not 
precisely 63*. This caused the effective fiber spacing to be less than the 
expected 10/nm. 
The coupled output of most of the experimental taps is also somewhat 
lower than theoretical. This discrepancy is due to unaccounted losses in the 
coupled output optical path which are inherent in the capillary tube and silicon 
V-groove structures. Several taps were also found to have coupling coefficients 
greater than expected. Here again the discrepancies were caused by variations 
in the fiber angle. 
The experimental taps have shown that the mechanical alignment and fiber 
angle tolerances are very important. Subsequent thermal tests have also shown 
that the fibers may move with temperature which can cause unwanted 
transmission and coupling changes. These results suggest that a more stable 
fiber alignment method must be developed before the tap is acceptable for the 
laser feedback application.  Moreover, these new alignment methods must be 
simple and viable in a manufacturing environment. 
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Section 5.3 - Conclusions 
A ray optics approach was used to analyze the tap. The analysis required 
the use of two basic optical laws (Snell and Fresnel).  A. Yariv's equations of 
ray motion in dielectrics with a quadradic index profile were required in the 
graded index case. The analysis required a prudent use of trigonometry and 
attention to all possible rays within the tap. The measured results of the 
experimental taps are in good agreement with the theoretical results. 
Several of the experimental taps have been used successfully in laser 
transmitters equipped with the feedback loop.  Additional taps have also been 
assembled for several other monitor type applications. These taps have also 
been used successfully which indicates that the tap may have additional uses 
beyond its primary design objective. A decision has been made to delay tap 
production until the mechanical problems discussed in Section 5.2 have been 
resolved. It is the author's belief that additional engineering effort can resolve 
the mechanical problems and that taps of this type will eventually find use in 
future fiber optic systems. 
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APPENDIX A - DETERMINATION 0, 0', \f>, f 
To find 0, <AOB -i-e + a + 0 
0-f--e (3.1-3) 
To find ^, 4 = — - <CDO r
      2 
<CDO + 6 + <COD = ir 
where 
then 
<COD = Y - 0 
<CDO + 0+Y-|8 = ir 
<CDO - Y + 0 - e 
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and y
      2 
^ = e-/s 
+ /3-e 
Substituting 
Equation 3.1-3     ^ = 20 +a - -|- (3.1-4) 
|8' and ^' are determined from Snell's Law 
N„sin/S'=(l) sin /3' 
then /3' = sin-1 |N0 sin /S 
Substituting 
r r                       ii 
Equation 3.1-3 0' = sin-1 N0 sin T-«-ej 
18' = sin-1 ^o cos a + e]l (3.2-11) 
Similarly 
then 
N0 sin yp = (1) sin ^' 
^' = sin-1  N0 sin f 
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Substituting 
.. 
Equation 3.1-4 +' = sin-1 N0 sin 20 + a - -J- 2 J 
then ip' = —sin- N0 cos 26 +o]| (3.2-12) 
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